Testing cosmic-ray acceleration with radio relics: a high-resolution
  study using MHD and tracers by Wittor, Denis et al.
Mon. Not. R. Astron. Soc. 000, 000–000 (0000) Printed 29 April 2019 (MN LATEX style file v2.2)
Testing cosmic-ray acceleration with radio relics: a high-resolution
study using MHD and tracers
D. Wittor1?, F. Vazza1, M. Bru¨ggen1
1 Hamburger Sternwarte, Gojenbergsweg 112, 21029 Hamburg, Germany
Accepted ???. Received ???; in original form ???
ABSTRACT
Weak shocks in the intracluster medium may accelerate cosmic-ray protons and cosmic-ray
electrons differently depending on the angle between the upstream magnetic field and the
shock normal. In this work, we investigate how shock obliquity affects the production of
cosmic rays in high-resolution simulations of galaxy clusters.
For this purpose, we performed a magneto-hydrodynamical simulation of a galaxy cluster
using the mesh refinement code ENZO. We use Lagrangian tracers to follow the properties of
the thermal gas, the cosmic rays and the magnetic fields over time. We tested a number of
different acceleration scenarios by varying the obliquity-dependent acceleration efficiencies
of protons and electrons, and by examining the resulting hadronic γ-ray and radio emission.
We find that the radio emission does not change significantly if only quasi-perpendicular
shocks are able to accelerate cosmic-ray electrons. Our analysis suggests that radio emitting
electrons found in relics have been typically shocked many times before z = 0. On the other
hand, the hadronic γ-ray emission from clusters is found to decrease significantly if only
quasi-parallel shocks are allowed to accelerate cosmic-ray protons. This might reduce the
tension with the low upper limits on γ-ray emission from clusters set by the Fermi-satellite.
Key words: Galaxy clusters; intracluster medium; shock waves; acceleration of particles;
obliquity; radio emission; γ-ray emission; cosmic rays; radio relics
1 INTRODUCTION
Galaxy clusters grow through the continuous accretion of mat-
ter and by merging with other clusters. In the process, shock
waves and turbulent motions in the intracluster medium (ICM)
can (re)accelerate cosmic rays (see Brunetti & Jones 2014, and
references therein). Radio emission, observed as diffuse radio
halos in the centre of clusters and as highly polarized radio relics
at the cluster periphery, confirms the existence of cosmic-ray
electrons (e.g. Ferrari et al. 2008). However, cosmic-ray protons
that would produce γ-rays or secondary electrons as a product of
inelastic collisions with thermal protons, appear to be accelerated
less efficiently than expected (for example see Vazza & Bru¨ggen
2014; Vazza et al. 2015). The Large Area Telescope on board of
the Fermi-satellite (from here on Fermi-LAT, see Atwood et al.
2009, for a detailed description) has thoroughly searched for these
γ-rays, yielding upper limits for the γ-ray flux above 500 MeV
is in the range of 0.5 − 22.2 · 10−10 ph cm−2 s−1 (Ackermann
et al. 2014). Huber et al. (2013) have analysed a collection of
stacked Fermi-LAT count maps and derived a flux upper limit
of the order of a few 10−10 ph cm−2 s−1. Extended searches
for γ-ray emission from the Coma cluster (see Ackermann et al.
2016) and the Virgo cluster (see Ackermann et al. 2015) have
? E-mail: dwittor@hs.uni-hamburg.de
been performed. The limits for the γ-ray flux above 100 MeV
have been estimated to be 5.2 · 10−9 ph cm−2 s−1 for Coma and
1.2 · 10−8 ph cm−2 s−1 for Virgo. Overall, these observations
constrain the ratio of cosmic-ray to thermal pressure within the
virial radius to be below a few percent.
Recently, Particle-in-Cell (PIC) simulations have quantified how
the acceleration efficiency varies with the Mach number and the
obliquity, θ, i.e. the angle between shock normal and upstream
magnetic field vector (Caprioli & Spitkovsky 2014a; Guo et al.
2014a,b). These studies have shown that cosmic-ray electrons have
a higher acceleration efficiency in perpendicular shocks, while the
acceleration of cosmic-ray protons is more efficient in parallel
shocks (i.e θ < 50, see Fig 3. in Caprioli & Spitkovsky 2014a).
Protons are efficiently accelerated by diffusive shock acceleration
(DSA) by crossing the shock multiple times where they are scat-
tered off magneto-hydrodynamic waves in the up- and downstream
region. Thermal electrons cannot be injected into DSA because
their gyro-radius is too small compared to the thickness of the
shock front, which is controlled by the gyro-radius of the protons.
Therefore, electrons need to be pre-accelerated before they can be
injected into the DSA cycle. Recent PIC simulations have shown
that even in the case of the weak shocks typically found in galaxy
clusters (M < 5, where M is the Mach number), electrons can
be efficiently pre-accelerated by shock drift acceleration (SDA).
In SDA electrons gain energy while drifting along magnetic field
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lines down the shock front (Guo et al. 2014a,b).
In this paper, we investigate how linking the obliquity of shocks
to the acceleration efficiency of cosmic rays may affect the radio
and γ-ray emission in galaxy clusters. To this end, we developed
a Lagrangian tracer code to track the injection and advection of
cosmic rays in the cosmological simulations produced using the
ENZO code.
This paper is structured as follows. In Sec. 2.1 we describe
our computational setup in ENZO. In Sec. 2.2 we introduce our
Lagrangian tracer code. Our main results are presented in Sec. 3.
First, we discuss the basic properties of our Lagrangian tracers in
Sec. 3.1. General results on the distribution of shock obliquities are
presented in Sec. 3.2. In Sec. 3.3 and 3.4 we show how the radio
and the γ-ray emission are changed by the modified acceleration
efficiencies. A more detailed analysis of the simulated relics is
presented in Sec. 3.5. Finally, we summarize and discuss our
results in Sec. 4. Additional tests on our tracers and on a lower
mass cluster are given in the Appendix.
2 SIMULATION SETUP
2.1 ENZO
We simulated the formation of galaxy clusters with the cosmo-
logical magneto-hydrodynamical (MHD) code ENZO (Bryan et al.
2014). ENZO uses a N-body particle-mesh solver to simulate the
dark matter (Hockney & Eastwood 1988), and an adaptive mesh
method to follow the baryonic matter (Berger & Colella 1989).
In our simulations we used a piecewise linear method (Colella &
Glaz 1985) with hyperbolic Dedner cleaning (Dedner et al. 2002)
to solve the MHD equations (see Sec. 2.1 in Bryan et al. 2014).
We focus on the re-simulation of a single galaxy cluster extracted
from a cosmological volume. This cluster has a final mass of
M200 ≈ 9.745 · 1014 M at z = 0 and it has been chosen for this
study because it shows a major merger event at z ≈ 0.27, leading
to detectable radio relics (see Sec. 3.3).
The simulation starts from a root grid of volume ≈ (250 Mpc)3
(comoving) sampled with 2563 cells and 2563 dark matter parti-
cles. The comoving volume of ≈ (25 Mpc)3 centred around the
most massive cluster in the box has been further refined 25 times
using 5 levels of AMR (up to a maximum resolution of 31.7 kpc).
In order to resolve the turbulent evolution of the intracluster mag-
netic field, we adopted the aggressive AMR criterion of refining all
cells that are > 10% denser than their surrounding, beginning at
the start of the simulation. From z = 1, we additionally refined all
cells with a 1-dimensional velocity jump ∆v/v > 1.5, where ∆v
is the velocity jump along any coordinate axis and v is the local
velocity. This procedure ensures that typically ∼ 80% of the clus-
ter volume is refined up to the highest resolution, and that the virial
volume is sampled with > 2003 cells. For the post-processing
with our tracer algorithm (see Sec. 2.2) we saved all snapshots
of the root grid timestep, for a total of 250 snapshots. As in our
previous work in Vazza et al. (2010a), we chose the cosmological
parameters as: H0 = 72.0 km s−1 Mpc−1, ΩM = 0.258,
ΩΛ = 0.742 and σ8 = 0.8. We seeded the large-scale magnetic
field with a uniform primordial seed field at z = 30, with a
comoving value of B0 = 10−10 G along each coordinate axis.
2.2 Lagrangian Tracer
We tracked the evolution of cosmic rays using Lagrangian tracer
particles. These allow us, both, to accurately follow the advection
of baryonic matter and to monitor the enrichment of shock-injected
cosmic rays over time. The tracers are generated in post-processing,
using the ENZO data at the highest spatial resolution (in the case in
which the cell value is only available at lower resolution due to the
AMR structure, they are linearly interpolated to the maximum res-
olution).
In the simplest case, the tracers are advected using the velocities at
their location, v = v˜, which are interpolated between the neigh-
bouring cells (e.g. Vazza et al. 2010b). However, in the case of
complex flows this procedure might underestimate the amount of
mixing due to fluid motions, and stochastic correction terms have
been proposed to solve this problem (Genel et al. 2013). To cure
for this effect we introduced a small correction term, which takes
into account the small-scale velocity contribution from the neigh-
bouring 27 cells, δvi,j,k:
δvi,j,k = vi,j,k −
2∑
i=0
2∑
j=0
2∑
k=0
vi−1,j−1,k−1
27
. (1)
This term is added to the interpolated velocity, v = v˜ + δv. This
procedure (unlike stochastic approaches) ensures that the thermo-
dynamical jumps recorded by the tracers are due to gas dynamics.
Our tests showed that the final distribution of tracers is not very sen-
sitive to small variations (e.g. different interpolation schemes) in
the advection procedure. After computing their velocity, the tracers
are advected linearly in time. During the advection, the local values
of the gas on the ENZO grid are assigned to each tracer, and other
properties (e.g. Mach number, obliquity etc.) are computed on the
fly. The solenoidal and compressive modes of the velocity compo-
nents for a tracer are computed using numerical stencils dv(x,y,z)
as
vsol =
√
(dvz − dvy)2 + (dvx − dvz)2 + (dvy − dvx)2
2
, (2)
vcomp =
dvx
2
+
dvy
2
+
dvz
2
. (3)
Subsequently, we apply a shock finding method based on temper-
ature jumps as described in Ryu et al. (2003). However, instead of
using the shock finder between two neighbouring grid cells, we ap-
plied it to the positions of a tracer at two consecutive timesteps. A
tracer is considered to be shocked if the following requirements are
matched:
• Told > 100 K
• Tnew
Told
> 1.00001
• Snew
Sold
> 0
• ∇ · v < 0.
The Mach number is computed from the Rankine-Hugoniot rela-
tions, assuming γ = 5/3, as
M =
√
4
5
Tnew
Told
ρnew
ρold
+ 1. (4)
Every time a shock is recorded, the obliquity is computed as the
angle between the velocity jump ∆v = vpost − vpre and the pre-
/post-shock magnetic field Bi:
θi = arccos
(
∆v ·Bi
|∆v||Bi|
)
. (5)
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Figure 1. Evolution of the projected baryonic matter density (in grey) overlayed with the projected positions of the tracers. Only the tracers ending up in the
two relics (see Sec. 3.3) are shown and are divided into two colours based on their final position.
The index, i, refers to either the pre- or post-shock quantity.
The kinetic energy flux across shocks is FΨ = 0.5 · ρprev3sh, where
ρpre is the pre-shock density and vsh is the shock velocity. Using
the acceleration efficiencies δ (M) and η (M) given in Kang &
Ryu (2013), the thermal energy flux is Fth = δ(M)Fψ and the
cosmic-ray energy flux is FCR = η(M)Fψ . The acceleration effi-
ciency η (M) also includes the effect of re-acceleration, in case the
shock runs over a region which was previously enriched of cosmic
rays. Following Vazza et al. (2014b), we compute the effective ac-
celeration efficiency by interpolating the acceleration efficiencies
of the single injection ηacc(M) and of the re-acceleration ηre(M)
case (given in Kang & Ryu 2013):
η(M) =
(0.05− χ) · ηacc(M) + χ · ηre(M)
0.05
, (6)
using the ratio of cosmic-ray to gas energy χ = ECR/Egas.
In order to maximise the number of tracers within the cluster, we
injected tracers only in a 2563 sub-box of the ENZO-simulation,
centred on the mass centre of our galaxy cluster at z ≈ 0. The bulk
of the cosmic-ray energy is expected to be generated by shocks at
low redshifts (e.g. Vazza et al. 2016), and therefore we start gener-
ating the tracers at z ≈ 1.
In detail, the tracers were first initialised based on the gas mass dis-
tribution on the grid at z ≈ 1. We assigned a fixed mass to each
tracer and we set the number of tracers per cell according to:
ntracers =
⌊
mcell
mtracers
⌋
, (7)
where mcell is the comoving gas mass within each high-resolution
cell. The mass resolution of the tracers has to be high enough to
ensure that the structure of the cluster is resolved accurately while
it can still be handled computationally. In our case the trade-off is
represented by a mass resolution of mtracer(z = 1) ≈ 108 M.
Moreover, at each snapshot additional tracers were injected at the
boundaries according to Eq. (7). In total, we used 240 snapshots
from z = 1 to z = 0 and our procedure generated Np ≈ 1.33 · 107
tracers during run-time. The final spatial distribution of tracers at
z ≈ 0 and their radial profile (compared to the gas profile directly
simulated by ENZO) are shown in Appendix A.
In order to speed up the computations and follow the largest
possible number of tracers, we parallelized our advection routines
using openMP. Both, the tracers injected at z = 1 and those
generated at run-time are evenly spread among the threads, thus
balancing the workload.
This simulation used 48 threads minimizing the computational
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(a) (b)
Figure 2. Panel (a) shows the projected mass weighted magnetic field strength (colour) overlayed with the corresponding density contours (red contours) at
z ≈ 0. Panel (b) shows the projected radio emission (colour) and the corresponding density contours (white contours) at z ≈ 0. Both plots have been produced
from the tracer data. The outer regions are noisy owing to the lack of tracers in those areas (see also Appendix A).
time to 6 hours for the Lagrangian tracer run1, running on the Intel
Xeon E5-2680 v3 Haswell CPUs on the JURECA supercomputer
in Ju¨lich.
3 RESULTS
3.1 Thermal and magnetic properties
As an example for the application of our tracer-based approach, we
show in Fig. 1 the trajectories of tracers found in the proximity of
the two powerful radio relics (see Sec. 3.3). The tracers ending up
in the two relics at z ≈ 0 are, both, coming from the first injection
at z = 1, as well from the injections at lower redshift. They follow
the gas, mostly coming from filamentary and clumpy accretion that
is heated by shock waves moving outwards after the major merger
at z ≈ 0.27.
In Fig. 2(a), we show the projected magnetic fields (mass-weighted
along the line of sight) and the contours of the projected gas den-
sity probed by the tracers. The magnetic field strengths range from
∼ 1.2 · 10−7 G in the cluster centre to ∼ 1.9 · 10−10 G in the
cluster outskirts. While the average magnetic field strength within
the virial volume is of the order of what is confirmed by observa-
tions ∼ 0.1 − 0.2 µG, the innermost field is significantly lower
(e.g. compared to the central 4.7 µG value inferred for the Coma
cluster by Bonafede et al. 2010). This is presumed to be caused
1 Compared to ∼ 60 hours in the serial version. We obtain a non-perfect
scaling of the speed-up because the bottle neck is the output of the tracer
data. Further speed-up could be obtained using parallel I/O.
Figure 3. Expected distribution of random angles in a three-dimensional
space (dashed black line). If a shock of a given Mach number M crosses
this distribution of angles the distribution is more concentrated towards
θ = 90◦ according to Eq. (15). The blue curves show these post-shock
distributions for M = 1.5, M = 3 and M = 10.
by insufficient resolution to reproduce the small-scale dynamo, a
common problem in MHD simulations (e.g. Vazza et al. 2014a).
However, the magnetic field values at the relic locations, of the or-
der of ∼ 0.1 µG, are plausible values for peripheral relics (e.g.
Hoeft & Bru¨ggen 2007).
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3.2 Shock obliquity
Before assessing the effect of shock obliquity on the acceleration
of cosmic rays, we first study the distribution of shock obliquity
across the simulated cluster volume. To interpret the results, it is
useful to start by deriving an analytical relation between the shock
Mach number and the change in the obliquity across shocks.
As long as the upstream magnetic fields are isotropic, the expected
distribution of angles between the shock normal and the upstream
magnetic fields follows the geometrical distribution of angles be-
tween two random vectors in a 3D space, that is∝ sin(θ), as shown
by the black dashed line in Fig. 3 (see Kaplan 2009).
Following Fitzpatrick (2014), it is convenient to define a shock
frame, where the shock lies in the z-plane and the shock nor-
mal is perpendicular to the x-direction and parallel to the y-
direction and we transform into the de Hoffmann-Teller frame
(|vpre ×Bpre| = 0). This leads to the general MHD-jump con-
ditions in the form
ρ2
ρ1
= r (8)
Bx,post
Bx,pre
= 1 (9)
By,post
By,pre
= r
(
v2x,pre − cos2 θprev2A,pre
v2x,pre − r cos2 θprev2A,pre
)
(10)
vx,post
vx,pre
= r−1 (11)
vy,post
vy,pre
=
v2x,pre − cos2 θprev2A,pre
v2x,pre − r cos2 θprev2A,pre
. (12)
The above equations can be further simplified in our case be-
cause the pre-shock Alfve´n velocity, vA,pre, can be safely ne-
glected in comparison to the upstream gas velocity vgas. Indeed,
we verified that for the entire cluster volume the distribution of
vA,pre/vgas is well described by a log-normal distribution centred
on vA,pre/vgas ≈ 0.01, and extending to beyond 1 only in∼ 10−5
of cases. Therefore, owing to the low magnetisation of the ICM
we can treat our shocks in the (simpler) hydrodynamical regime,
in which case the above Eq. 10 and 12 reduce to By2
By1
= r and
vy2
vy1
= 1. Using these jump conditions, we derive θ(M) from
cos (θpost) =
∆v ·B
|∆v| |B| (13)
as
θpost (M) = arccos
 Bx1√
B2x1 + r
2B2y1
 . (14)
In Eq. (14), θpost(M) only depends on the pre-shock values. Bx1
and By1 are connected via θpre as By1 = Bx1 · tan (θpre). There-
fore, the change of a pre-shock obliquity only depends on the angle
itself and the compression ration r as
θpost (M) = arccos
 1√
1 + r2 tan (θpre)
2
 . (15)
For any Mach number the distribution is compressed towards 90◦,
and the compression is stronger for stronger shocks. In Fig. 3, we
show how the distribution of obliquity changes, once it is passed by
a shock. Overall the distribution of pre- and post-shock obliquities
in the cluster is strongly linked to the dynamical history of the clus-
ter itself as the pre-shock distribution at later timesteps is a result
of the post-shock distribution at earlier timesteps.
We computed the distribution of the pre- and post-shock obliqui-
ties in our simulation at z ≈ 0.12 (see red and blue line Fig. 4(a)).
Overall their shapes match the distribution of random angles in
3D well (black line in Fig. 4(a)). The differences to the distribu-
tion of random angles is plotted in Fig. 4(b). We chose θ = 50◦
as the threshold angle to mark the division between quasi-parallel
and quasi-perpendicular shocks. This choice is based on Fig. 3 of
Caprioli & Spitkovsky (2014a) as the acceleration efficiency of
protons drops significantly beyond this for M 6 10 shocks. In
both distributions we observe more quasi-perpendicular shocks and
less quasi-parallel shocks than expected. For the post-shock dis-
tribution this is expected according to Eq. (15). We find that also
the pre-shock distribution shows a departure from isotropy, caused
by shock compression at the previous epochs. Although turbulent
motions in the ICM are expected to distribute angles randomly,
the rather continuous crossing by shocks tends to concentrate the
angles toward quasi-perpendicular geometry. This makes the pre-
shock distribution at all epochs already slightly more concentrated
towards perpendicular angles, than expected from isotropy.
This is confirmed by the distribution of pre-shock angles at dif-
ferent redshifts: in Fig. 4(c) we show their differences to the
isotropic distribution. Independent of redshift, we observe more
quasi-perpendicular shocks than quasi-parallel shocks. Moreover,
the distribution tends to concentrate slowly towards ∼ 90◦ as a
function of time but the effect is very small and by and large the
angles are distributed isotropically.
Finally, at z = 0 we we divided the box into five spherical, con-
centric, equidistant shells and computed the pre-shock distributions
for each shell separately. The differences to the predicted distribu-
tion is shown in Fig. 4(d). All shells show patterns that are com-
patible with a random distribution of angles. The central region
(blue line in Fig. 4(d)) is most turbulent and the magnetic fields
are most isotropic. The distribution shows a larger excess of quasi-
perpendicular shocks at larger radii (from light blue to red lines
in Fig. 4(d)). Indeed, in cluster outskirts shocks are more frequent
and stronger causing a stronger alignment of magnetic fields. In the
following sections we will show how this behaviour might have im-
portant consequences in the acceleration of cosmic rays by cluster
shocks.
3.3 Cosmic-ray electrons & radio emission
The cluster studied in this paper has been chosen because it shows
two prominent radio relics at z ≈ 0. These radio relics are produced
by shock waves launched by a major merger of three gas clumps
and propagate along the horizontal direction in Fig. 1 and 2. We
compute the radio emission on shocked tracers using the formula
(from Hoeft & Bru¨ggen 2007)
dPradio (νobs)
dν
=
6.4 · 1034 erg
s ·Hz
A
Mpc2
ne
10−4 cm−3
ξe
0.05
(
Td
7 keV
) 3
2
×
( νobs
1.4 GHz
)− s
2
(
B
µG
)1+ s
2(
BCMB
µG
)2
+
(
B
µG
)2 · η (M)
.
(16)
The quantities in the formula that either have been recorded from
the grid or computed with the recorded values, are: A the surface
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(a) (b)
(c) (d)
Figure 4. Distribution of pre- (blue) and post-shock (red) obliquities at redshift z ≈ 0.12 are shown in panel (a). The dashed line shows the expected
distribution of angles for a random distribution. Panel (b) shows the differences of the computed distributions from the expected distribution. It is observed
that the post-shock distribution (red line) is more peaked towards θ = 90◦ than the pre-shock distribution (blue line). Panel (c) shows the differences between
the distribution of pre-shock obliquities at different redshifts and the expected distribution. Panel (d) shows the differences between pre-shock obliquities for
different radial selections at z ≈ 0 and the expected distribution. The radius of each region is 1
5
-th of the simulation box size.
area of a tracer2, ne the number density of electrons, Td the
downstream temperature, B the magnetic field strength and the
acceleration efficiency η (M) depending on the Mach number
M . We used the acceleration efficiencies η (M) derived in Kang
& Ryu (2013). The other quantities are the electron-to-proton
ratio, ξe = 0.01, the equivalent magnetic field of the cosmic
microwave background, BCMB = 3.2 · (1 + z)2 µG and the
observed frequency band, νobs = 1.4 GHz . In Fig. 2(b) we
show the observed radio emission at z ≈ 0, overlayed with the
corresponding density contours, which features two prominent
radio relics at opposite sides of the cluster core. The alignment
and morphologies of the two relics indicate that they have been
2 The surface area is computed from the volume occupied by a tracer in a
gridcell as: A =
(
Vcell · mcellmtracer
) 2
3 . Here Vcell is the volume of the cell
and mcell is the total mass in that cell. mtracer is the tracer mass.
produced by the major merger at z ≈ 0.27, which happened along
the horizontal axis in the image. We measure a Mach number
M ≈ 3.5 for the relic located west of the cluster centre (hereafter
relic 1), and M ≈ 2.7 for the relic located at the opposite side
(hereafter relic 2). The total radio emission from the cluster is
Pradio ≈ 3.12 · 1031 erg s−1 Hz−1, while the emission from relic
1 is Pradio ≈ 2.61 · 1031 erg s−1 Hz−1 and from the relic 2 is
Pradio ≈ 2.27 · 1030 erg s−1 Hz−1 (see Fig. 5). If the cluster is
located at the luminosity distance of 100 Mpc, relic 1 is bright
enough to be detectable at 1.4 GHz by both the JVLA (assuming
the 0.45 mJy/beam sensitivity of the NVSS survey, Condon et al.
1998) and by ASKAP (assuming a sensitivity of 0.01 mJy/beam
as in the EMU survey, Norris et al. 2011). At the distance of
100 Mpc, relic 2 would be too faint for the JVLA, while it would
be instead at the edge of detection with ASKAP.
Next, we used the obliquity θ to limit the injection of cosmic-ray
electrons and study its observable effect on the relic emission. In
c© 0000 RAS, MNRAS 000, 000–000
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Figure 5. Total radio emission from our simulated cluster at z ≈ 0, con-
sidering the total emission from the cluster (diamond) or the emission from
relic one (triangle) or relic two (square), for different selections of the obliq-
uity angle, θ.
the following we compare the radio emission including all shocked
particles to the one produced by particles that have only crossed
a quasi-perpendicular3 or quasi-parallel4 shock. In the following,
the subscripts all, perp and para correspond to the cuts mentioned
above.
From the total emission shown in Fig. 5, we can see that relic
1 is still observable even if only quasi-perpendicular shocks are
allowed to accelerate the cosmic-ray electron, while relic 2 would
remain undetectable. We give a close-up view onto the relic
regions in Fig. 6, where we show the projected temperatures and
the radio contours, with additional vectors of projected magnetic
fields. The range of magnetic vectors is too large to allow a clear
visualisation, and therefore all vectors have been renormalised to
the same unit length while the magnetic intensity is shown through
the color coding (with intensity increasing from light to dark blue).
The radio emission produced by θall (left column), θperp (middle
column) and θpara (right column) is given for relic 1 on the upper
row, and fore relic 2 in the lower row. The emission does not
dramatically decrease across most of the relic surface when either
of the two obliquity cuts is performed. This is because in these
regions the angles are distributed close to the random distribution
(see Sec.3.2), and therefore the radio emitting volume in both
scenarios is still of the same order of magnitude as in the case
without obliquity selection. Based on this test, we conclude that it
is possible that observed radio relics are indeed tracing cosmic-ray
electrons only accelerated by quasi-perpendicular shocks (and
hence, from the combination of SDA and DSA, Guo et al. 2014a).
We performed the same analysis for a 2.8 · 1014 M cluster (see
Appendix B) and we found similar results.
3.4 Cosmic-ray protons & γ-rays
Next we test the time-integrated effects of imposing the same selec-
tion as above (see Sec. 3.3) in the obliquity of shocks accelerating
cosmic-ray protons, following the results of Caprioli & Spitkovsky
(2014a), who found an efficient acceleration of cosmic-ray protons
3 θ ∈ [50◦, 130◦]
4 θ ∈ [0◦, 50◦] or θ ∈ [130◦, 180◦]
only for quasi-parallel shocks.
The total energy budget in cosmic ray protons as a function of red-
shift is obtained by integrating
ECR =
0∫
z=1
Np∑
i=1
Fk,i∆t(z1, z2)ξ (θi) dz. (17)
over all timesteps. In Eq. 17 Fk,i is the kinetic or cosmic-ray energy
flux, k ∈ [CR, gas] and i ∈ [all, para, perp]. For simplicity, we
neglect energy losses (which is reasonable in the case of this per-
turbed cluster, which is not characterised by> 10−2 part/cm3 gas
densities), and therefore our values represent an upper limit on the
cosmic-ray energy at all time steps. In the equations above ξ (θi) is
a Heaviside function which allows us to compute only the energy
content for specific obliquities. Therefore we applied ξ (θall) to let
cosmic-rays to be accelerated in all shocked tracers, ξ (θpara) for
only parallel shocks and ξ (θperp) that only accounts perpendicular
shocks. In the following the subscripts all, perp and para will cor-
respond to the above selections. The acceleration efficiencies (see
Eq. 6) have been further reduced by a factor of 2 in the case of
quasi-parallel shocks, following the recent results by Caprioli &
Spitkovsky (2014a).
Finally, we note that it in the complex flows in galaxy clusters the
identification of weak shocks, e.g. M 6 1.5, is made uncertain by
numerics, while the injection of cosmic rays is expect to be domi-
nated by M  2 in DSA (e.g. Ryu et al. 2003). For these reasons,
we only include shocks with M > 2 in the following analysis.
The evolution of the cosmic-ray energy across all tracers is shown
in Fig. 7. At z ≈ 0 the cosmic-ray energy for θall is ∼ 8.9% of the
thermal energy of the gas. The cosmic-ray energy of θperp is about
∼ 6.2% of the gas energy and for θpara the cosmic-ray energy
is about ∼ 2.6% of the thermal gas energy. Most of the cosmic-
ray energy is stored in the particles that have crossed a quasi-
perpendicular shock, about ∼ 71%. The ratio of ECR (θperp) to
ECR (θpara) is ∼ 2.5. This ratio stays constant over time. At early
redshifts z > 0.4 a higher kinetic energy flux is injected by θperp
due to more cosmic-ray injection by quasi-perpendicular shocks.
Between z ∼ 0.6 and z ∼ 0.25 the injected energy is about the
same for θperp and θpara. At z ∼ 0.2 the kinetic energy is higher
for θperp. After z ∼ 0.2 the injected energy is about the same
again for θperp and θpara. The ratio of cosmic-ray energy injected
by θperp and θpara is, except for a few exceptions, in the range
of ∼ 1 − 5. We computed the γ-ray emission following the stan-
dard approach described, e.g., in Donnert et al. (2010), Huber et al.
(2013) and Vazza et al. (2015) (see also the Appendix C). For ev-
ery shocked tracer we compute the spectral index of the momentum
distribution of accelerated cosmic rays as s = −2 · M2+1
M2−1 . At each
timestep we compare the injection spectrum to the spectrum of the
existing distribution of cosmic-rays (in case the tracers have been
previously shocked already) and the current spectral index is set to
the flatter among the two. Averaged over the tracer population, we
observe a continuous decrease in the average spectral index until
z ≈ 0.25, indicating that the shocked population of tracers is pro-
gressively dominated by weaker and energetic shocks. However,
the spectral index experiences a new steep increase caused by a
strong shock event, corresponding to the time of the major merger
in our simulation. Overall the spectral index varies only modestly,
smax− smin ≈ 0.15, across the investigated cluster evolution from
z = 1.
To compare in detail with the limits set by Fermi-LAT, we se-
lected four clusters (A1795, A2065, A2256 and ZwCl1742) of
similar masses given in Ackermann et al. (2014), and the Coma
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(a) (b) (c)
(d) (e) (f)
Figure 6. Zoomed versions of our simulated radio relics. The upper row (Fig. (a), (b) and (c)) displays relic 1, while relic 2 is shown in the lower row ((d), (e)
and (f)). The green colours show the temperature of the ICM. The direction of the arrows indicates the direction of the magnetic field and their colour gives
their magnetic field strength, with a logarithmical stretching, while the red contours show the radio emission. The left column shows θall. The middle column
shows θperp and the right column shows θpara. The axis are in dx = 31.7 kpc units. The squares in Fig. (a) and (d) mark the regions of the tracers selected
in Sec. 3.5. The colours orange, purple and pink mark the regions in front of, on top of and behind the relic respectively.
cluster (Ackermann et al. 2016), all located in the redshift range
z ∈ [0.02, 0.08]. We used all upper limits at the low energy range
of 500 MeV5. Table 1 shows the main properties of those galaxy
clusters.
Our simulated γ-ray emission (for the energy range of E ∈
[0.5, 200] GeV) and the observed upper limits derived are given
in the first panel of Fig. 10. The γ-ray emission of our cluster for
θall is ≈ 0.64 · 1045 phs and is above the upper limit for the Coma
cluster. If we only use the energy of the cosmic rays gained by
crossing parallel shocks (see Eq. 17), the γ-ray emission is lowered
5 In the case of Coma, the limits given by Ackermann et al. (2016) are
given for the lower energy limit of 100 MeV. Therefore, we rescaled this
value to the higher low-energy range of 500 MeV used in our comparison,
as F (E > 500 MeV) = F (E > 100 MeV)
E1∫
E3
A·E−ΓdE
E2∫
E3
A·E−ΓdE
assuming a
photon index Γ = 2,E1 = 500 MeV,E2 = 100 MeV andE3 = 1 TeV.
by a factor of∼ 3.4. However, even in this case the γ-ray emission
for θpara exceeds the observed limits for the Coma cluster.
In the framework of the DSA theory, it is uncertain whether a
specific minimum value of upstream magnetization is necessary to
scatter the particles enough to enter the DSA acceleration loop. On
the one hand, the extrapolation of DSA from the highly magnetized
regime of supernova remnants (∼ 1− 100 µG) to the cosmic web
is very uncertain. On the other hand, several papers have suggested
that collisionless shocks can significantly amplify the upstream
magnetic field independently of the initial conditions (e.g. Drury
& Downes 2012, Bru¨ggen 2013, Caprioli & Spitkovsky 2014b).
As an explorative study, we investigated the effect of a minimum
magnetisation level to allow for DSA, by limiting the acceleration
of cosmic-ray protons to upstream fields Bup > Bmin. Here we
tested the cases of Bmin > 0.1 µG and Bmin > 0.5 µG. The re-
sults are shown in 10(a). In both cases the hadronic γ-ray emission
is lowered towards the observed upper limits of the Coma cluster.
The emission is significantly lowered towards the upper limit of
Coma, if additionally only quasi-parallel shocks with an upstream
c© 0000 RAS, MNRAS 000, 000–000
Testing cosmic-ray acceleration with radio relics 9
Figure 7. Evolution of the ratio of cosmic-ray to thermal gas energy for θall
(black), θperp (red) and θpara (blue) across all tracers.
Name z M200 FULγ (E > 500 MeV)[
1015 M
] [
1045 ph
s
]
θall 0.00 0.97 0.640
θpara 0.00 0.97 0.190
θall, B > 0.1µG 0.00 0.97 0.512
θpara, B > 0.1µG 0.00 0.97 0.102
θall, B > 0.5µG 0.00 0.97 0.411
θpara,B > 0.5µG 0.00 0.97 0.011
θall, 0.20 0.66 1.047
θpara 0.20 0.66 0.336
θall, 0.34 0.12 0.498
θpara 0.34 0.12 0.152
θ40, 0.00 0.97 0.136
θ30 0.00 0.97 0.084
θ20, 0.00 0.97 0.041
A1795 0.06 0.95 6.068
A2065 0.07 1.09 5.256
A2256 0.06 1.18 1.075
Coma 0.02 0.96 0.035
ZwCl1742 0.08 0.98 2.560
Table 1. Comparison of the total integrated γ-ray emission of our different
models and a number of observed clusters at the bottom. For each cluster
we give the name, redshift z, mass M200 and upper γ-flux FULγ . The last
five rows show the reference clusters taken from Ackermann et al. (2014).
The first two rows show our simulations for θall and θpara. The following
rows show the results for the different simulations depending on Bmin, z
and different selections of θ. Our cluster simulation compatible with the
Fermi-limits for the Coma cluster is highlighted in boldface.
magnetic field larger than 0.5 µG inject cosmic rays. In this case
the γ-ray emission drops significantly below the observed upper
limit of the Coma cluster by a factor of ∼ 117.
The γ-ray properties discussed above are also present 0.5 Gyr be-
fore and after the major merger (see second panel of Fig. 10). The
role played by shock obliquity on the injection of cosmic rays is
found to be as strong as at z = 0: in both cases the γ-ray emission
drops by a factor of ∼ 3.1 − 3.3. But in neither of the cases the
hadronic γ-ray emission is below the upper limit of the Coma clus-
ter.
Figure 8. Total integrated γ-ray emission of our different models (color).
The dashed lines show the Fermi-limits of A2256 and the Coma cluster
taken from Ackermann et al. (2014) and Ackermann et al. (2016).
The γ-ray emission depends on the value chosen for θi in Eq. 17.
We conducted the same experiment using different ranges for θpara:
• θ50: θ ∈ [0◦, 50◦] and θ ∈ [130◦, 180◦]
• θ40: θ ∈ [0◦, 40◦] and θ ∈ [140◦, 180◦]
• θ30: θ ∈ [0◦, 30◦] and θ ∈ [150◦, 180◦]
• θ20: θ ∈ [0◦, 20◦] and θ ∈ [160◦, 180◦]
The γ-ray emission is reduced every time we restrict the shocks
to a smaller range of obliquities (see third panel of Fig. 10). Only
in the case of θ20 the γ-ray emission is close to the limit of the
Coma cluster. Therefore, the hadronic γ-ray emission is not very
sensitive to the selection of θpara.
In summary, with our tracer-based method we tested two possible
scenarios to reconcile the hadronic γ-ray emission from protons
accelerated by cluster shocks with the observed upper limits for
galaxy clusters (Ackermann et al. 2014, 2016). First, we tested how
an obliquity switch affects the γ-ray emission. Second, we studied
the effect of a minimum magnetic field strength on the acceleration
of cosmic-ray protons and on their hadronic emission. In both
cases the γ-ray emission was reduced, yet the fluxes were not
reduced below the limits established by the Fermi-LAT observation
of the COMA cluster (see Ackermann et al. 2016). A combination
of both might be a possible explanation for the missing γ-ray
emission as it reduces the fluxes below the Fermi-limits. The
results of our different simulations are summarized in Table 1 and
plotted in Fig. 8.
3.5 Close-up view of the relic regions
Finally, we take a closer look at the thermodynamical and magnetic
properties of particles in the relic regions. We selected three sets of
particles in front of (i.e. upstream), on top of and behind (i.e. down-
stream) the relics seen in figure 6(a) and 6(d). The selected regions
are of the size of 158.8 ·1268 ·1268 kpc3 for both relics. The num-
ber of particles per selection are about 1− 9 · 103.
In Fig. 11 we show the evolution of temperature, magnetic field
strength and ratio of compressive to solenoidal energy (using Eq. 3
and Eq. 2) across the last two Gyr. The evolution of the temperature
c© 0000 RAS, MNRAS 000, 000–000
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Figure 9. Dissipated kinetic power weighted distribution of the Mach num-
bers across the two relics.
and magnetic field strength in all sets of particles is similar at early
times. Later on, the tracers selected to be in the post-shock region
at z ≈ 0 show a significant jump in temperature and magnetic field
strength, owing to the compression by the shocks they experienced.
The Mach numbers producing the radio emission cover a big range
in both relics (consistent with the findings of Skillman et al. 2010),
yet the bulk of radio emission comes from the M ∼ 3.5 (relic 1)
and M ∼ 2.7 (relic 2) shock (see Fig. 9). However, the magnetic
field varies more than the temperature because of the chaotic evolu-
tion downstream of the two shocks. On average, the amplification
of the downstream magnetic fields is∼ 2−3 at most. This is in line
with recent results based on tailored MHD simulations of shocks by
Ji et al. (2016), who reported a similar amplification downstream
of magnetic fields, mostly due to compressive turbulent motions of
M = 4 shocks. In the lower panel of Fig. 11 we show the modal
decomposition of small-scale turbulence measured by the tracers:
for most of their evolution, the solenoidal velocity is found to be
predominant, ∼ 3 − 10 times larger than the compressive compo-
nent. However, relic 1 shows more compressive turbulence from
z ≈ 0.15. Based on Fig. 1, this is likely due to the fact that a
large fraction of the gas ending up in relic 1 has crossed the central
cluster region, where shocks launched by the major merger have in-
creased the compressive energy component. The tracers connected
to relic 1 also seem to have been subjected to a significant injection
of cosmic rays by previous shocks.
In Fig. 12(a) we show the evolution of the mean Mach number
(weighted for the injected cosmic-ray energy) for the particles end-
ing up behind the relics. We see that up to redshift z ≈ 0.35
the particles have crossed several weak shocks with values about
〈M〉ECR ≈ 2.5. In the redshift range z ≈ 0.35 − 0.30 the parti-
cles are exposed to stronger shocks, 〈M〉ECR ≈ 4. These events
correlate with the time of the major merger observed in our cluster.
After z ≈ 0.2 the tracers ending up in relic 1 have been crossed
by several strong shocks, whereas the particles connected to relic 2
have only been crossed by a strong shock close to the major merger,
at z ≈ 0.26.
We also study the occurrence of multiple shocks on the particles
swept by relics, by computing the average number of times each
6 We notice that the apparent floor of 〈M〉ECR ≈ 2 is a result of restrict-
ing only M > 2 shocks to inject cosmic rays (see Sec. 2.2)
tracer has been crossed by shocks of a given Mach number shown
in Fig. 12(b), and the corresponding shocked mass fraction shown
in Fig. 12(c). For both relics we observe a continuous increase in
the average number of particles shocked by M > 1.5 shocks and
by z = 0 basically all particles have been shocked at least once
by a M > 1.5 shock. Less particles are crossed by M > 2
or M > 3 shocks, especially before the last major merger. By
z ∼ 0.1,∼ 40−60% of particles in both selected regions have been
already shocked by M > 2 shocks, while only ∼ 10− 20% of the
particles have been shocked by M > 3 shocks. This finding sug-
gests that a large fraction of radio emitting particles present in relics
may have been subject to several cycles of DSA (re)acceleration
over their lifetime.
Finally, we found no evidence supporting the possibility of signifi-
cant turbulent re-acceleration Fujita et al. (2015) of radio emitting
electrons neither in the upstream nor downstream of relics, owing
to the typically long (> 1− 10 Gyr) acceleration time on our trac-
ers, which are much larger than the typical radiative cooling time of
these particles. However, we defer to future work a more systematic
analysis of this scenario, which also requires to carefully model the
balance of energy gain and losses of radio emitting electrons in a
time-dependent way (e.g. Donnert & Brunetti 2014).
4 DISCUSSION & CONCLUSIONS
We have studied the Lagrangian properties of gas in a galaxy cluster
over the course of its history and tracked the energy evolution of
cosmic rays accelerated by shock waves. Thus, we could test a few
variations of the DSA picture for the acceleration of cosmic rays at
shocks, with the aim of reproducing, both, the observed occurrence
of radio emission in radio relics and the lack of γ-ray emission from
galaxy clusters. Focusing on the evolution of a massive cluster with
a major merger at low redshift, we obtained the following results:
• We measured the distribution of shock obliquities across the
cluster, which is very nearly consistent with an isotropic field dis-
tribution. After shock passage, the pre-shock distribution gets pro-
gressively more concentrated towards 90◦. (see Sec. 3.2)
• We studied how the radio emission changes if only quasi-
perpendicular shocks are able to accelerate particles (e.g. Guo et al.
2014a,b). The radio emission is not much affected by any obliquity
switch, i.e. it drops by ∼ 40% if only quasi-perpendicular shocks
are taken into account, still producing detectable radio relics. (see
Sec. 3.3)
• We used a similar restriction on obliquity to limit the accelera-
tion of cosmic-ray protons to quasi-parallel shocks (e.g. Caprioli &
Spitkovsky 2014a) and we computed the resulting hadronic γ-ray
emission. Over the cluster, the injected cosmic-ray proton energy
is on average reduced by ∼ 3.6 if DSA is allowed only for quasi-
parallel shocks. For the investigated cluster, this is still not enough
to decrease the predicted γ-ray flux below the present constrains by
Fermi-LAT on the Coma cluster. (see Sec. 3.4)
• Only by limiting the acceleration of cosmic-ray protons to
shocks with θ 6 20◦ the hadronic emission from our cluster is
found to be close to the upper limits of the Coma cluster.
• We have tested the reduction in cosmic-ray proton accelera-
tion resulting from imposing a minimum magnetization level. Only
for a minimum magnetic field > 0.5µG the γ-ray emission de-
creases below the Fermi-LAT limits, also for the Coma cluster.
Combining the requirement of a minimum magnetic field and only
using proton injection by quasi-parallel shocks, the γ-ray emission
decreases by a factor of ∼ 117 and is below the Fermi-limits. In
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(a)
(b)
(c)
Figure 10. Integrated γ-ray emission for all tracers (blue, solid line) and for
the tracers that only experienced quasi-parallel shocks (red, solid line). The
dashed lines in panel (a) show the results for the additional requirement of
a minimum magnetic field. Panel (b) gives the results at different redshifts.
Panel (c) shows the results for different ranges of θ. In all plots the hori-
zontal dashed black lines give the Fermi-limits derived by Ackermann et al.
(2014).
(a)
(b)
(c)
Figure 11. Evolution of (a) the temperature, (b) the magnetic field and (c)
the ratio of compressive and solenoidal turbulent energy of the selected trac-
ers over the last two Gyr. The solid lines show the selection of relic 1 and the
dashed lines show the selection of relic 2. The colours indicate if the selec-
tion is upstream of the relic (green), on top of the relic (red) or downstream
of the relic (blue).
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(a)
(b)
(c)
Figure 12. Evolution of (a) the cosmic-ray energy weighted Mach number,
(b) frequency ofM > Mmin shocks sweeping tracers and (c) mass fraction
for the particles ending up behind the relics. The red lines show the first relic
and the blue lines show the second relic. In panels (b) and (c) the solids line
show Mmin = 1.5, the long dashed lines show Mmin = 2.0 and the short
dashed lines show Mmin = 3.0.
this case, the predicted hadronic γ-ray emission should lie only a
factor of a few below the limits by Fermi. (see Sec. 3.4)
• The gas in the post-shock region of relics has been shocked
about 7− 8 times more often by a M = 1.5 shock than by M = 3
shocks. While the observed γ-ray spectrum is dominated by the
few strong shocks observed in the past, the cosmic-ray energy is
dominated by re-acceleration of weak shocks at lower redshift. (see
Sec. 3.4 and Sec. 3.5)
• We did not find evidence supporting acceleration of electrons
via Fermi-II re-acceleration, neither upstream nor downstream of
relics. (see Sec. 3.5)
Our study has shown that if DSA operates very different for
different shock obliquities the acceleration of cosmic-rays in the
ICM can be modified at a significant level compared to what has
been assumed so far. If the acceleration of cosmic-ray protons
is limited to quasi-parallel shocks (e.g. Caprioli & Spitkovsky
2014a) the resulting hadronic γ-ray emission decreases towards
the upper limits by Fermi, alleviating the reported tension with
observations (Vazza & Bru¨ggen 2014; Vazza et al. 2015). It is
not possible to make any conclusive assessment based on our
comparison with the Coma cluster, because the Coma cluster is
in a different dynamical state, minor merger, than our simulated
cluster, major merger. Conversely, the radio emission from merger
shocks (i.e. radio relics) is changed at a level which is still
compatible with observations if only quasi-perpendicular shocks
can accelerate the cosmic-ray electrons (e.g.Guo et al. 2014a and
Guo et al. 2014b). This is because in the regions where radio
relics are typically formed, the magnetic field is so tangled that
the distribution of angles closely follows the random distribution,
which peaks towards 90◦.
As a concluding caveat, in this work we did not include any
microphysics such as microscopic magnetic field generation in
a shock (e.g. Bru¨ggen 2013) or microscopic plasma instabilities
(e.g. Kunz et al. 2014). Therefore, we restricted ourselves to
the assumption that the magnetic field obliquity (and strength)
observed at the scales resolved in this simulation are preserved
down to much smaller scales where cosmic rays are accelerated
via DSA and SDA. The validity of this assumption can only be
tested in future work, where we plan to combine these results with
tailored PIC simulations of cosmic shocks.
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APPENDIX A: DENSITY DISTRIBUTION
In order to use Lagrangian tracers for analysing the properties of
the ENZO-simulation we need to verify that the tracers accurately
follow the mass distribution of the cluster. Fig. 1 only gives a visual
impression that the tracers are following the mass in a correct way.
The density profiles are shown on Fig. A1. Especially in the cluster
outskirts, where most of the cosmic rays are accelerated, the profile
is very well sampled. Only in the cluster centre the tracers have
a lower density profile compared to the real gas density, which
can be explained by numerical diffusion (see 2.2) as well as by
the finite mass resolution of the tracers. In Fig. A2 we compare
the projected density of the ENZO-simulation and the tracers at
redshift z ≈ 0. The tracers show more detailed structures than the
ENZO-simulation. We also observe that the tracers cannot resolve
the masses smaller than their threshold (e.g. empty regions in the
right panel).
APPENDIX B: ACCRETION SHOCKS AND FILAMENTS
We ran the same analysis of the main paper also for a smaller
cluster with a mass of 2.8 ·1014 M. This cluster is part of an other
ENZO-simulation with a root grid consisting of 2563 cells with a
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Figure A2. Density projections at z ≈ 0. The left panel shows the projected density computed with tracers, while the right panel shows the projected density
directly simulated in the ENZO run.
Figure B1. Distribution of pre-shock obliquities at different redshifts. The
solid lines show the results from our simulation. The redshift is colour-
coded going from black z = 1 to red z = 0. The dashed line shows the
expected distribution of angles for a random distribution.
resolution of dx = 292 kpc. The used cosmological parameters
are: H0 = 70.2 km s−1 Mpc−1, ΩM = 0.272 and ΩΛ = 0.728
and σ8 = 0.8. The tracers were evolved on a 1283 subgrid with
resolution dx = 36.62 kpc from z = 1 to z = 0 for a total of 192
timesteps. The final number of tracers is Np(z = 0) ≈ 6 · 107.
The smaller size of the cluster allows us to analyse filaments
and accretion shocks because the cluster is well contained in the
support grid used to evolve tracers. Fig. B1 shows the distribution
of angles across time. Also in this object and at all epochs, we
observe more quasi-perpendicular angles than quasi-parallel
Figure B3. The γ-ray emission for all tracers (blue, solid line) and for the
tracers that experienced quasi-parallel shocks (red, solid line). The dashed
lines show the result for the additional requirement of a minimum magnetic
field of Bmin = 0.03 µG to accelerate cosmic rays.
angles, in agreement with the results of the main paper. We also
observe small excesses for quasi-parallel shocks. These are the
result of a preferred parallel alignment of the magnetic field in
filaments.
Following the approach described in Sec. 3.3 we investigated
three regions of the cluster. We investigated a central relic (see
Fig. 2(a) and Fig. 2(d)), a filament (see Fig. 2(b) and Fig. 2(e))
and an accretion shock (see Fig. 2(c) and Fig. 2(f)). As we see in
Fig. B2 for all three regions the bulk of radio emission caused by
quasi-perpendicular shocks.
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Figure B2. Zoomed versions of the three radio emitting regions are shown at z ≈ 0. The colour shows the temperature of the ICM. The direction of the arrows
indicates the direction of the magnetic and their colour gives their magnetic field strength in logarithmical units. The contours show the radio emission. Plots
(a) and (d) show the central relic, plots (b) and (e) show the accretion shock and plots (c) and (f) show the filament. The top row ((a), (b) and (c)) shows the
radio emission for θall. The bottom row ((d), (e) and (f)) shows the radio emission for θperp.
Similar to Sec. 3.4, we computed the γ-ray emission from shock
accelerated cosmic-ray protons. We compared the emission to real
clusters7 with similar masses taken from Ackermann et al. (2014).
The γ-ray emission coming from θall is above the limits of A4038
and FORNAX. The γ-ray emission drops by a factor of 2.3 if only
quasi-parallel shocks accelerate the cosmic rays. Finally, we added
the requirement in the minimum magnetic field strength. For this
object, a limiting magnetic field of Bmin = 0.03µG is necessary
to reduce the hadronic emission at the level of the Fermi-limits.
Using this additional switch the γ-ray emission is reduced by a
factor of 10.1 for θall and by a factor 25.8 for θpara.
We conclude that the distribution of shock obliquities and the
resulting effects on particle acceleration are rather similar in
groups and galaxy clusters.
7 These clusters are: A0400, A1060, A0548e, A4038 and FORNAX.
APPENDIX C: COMPUTING THE γ-RAY EMISSION
To compute the γ-ray emission we used the same approach as in
Vazza et al. (2015), Donnert et al. (2010) and Huber et al. (2013).
The total emission is given by the integral
Iγ =
∫
r
λγ (r)S (r) dr. (C1)
Has to be computed using the emission per unit of volume λγ(r):
λγ(r) =
∫
E
dEγqγ (Eγ)
=
σppmpic
3
3αγδγ
nthKp
αp − 1
(Emin)
−αp
2αγ−1
Emin
GeV
(C2)
×
(
mpi0c
2
GeV
)−αγ [
BX
(
αγ + 1
2δγ
,
αγ − 1
2δγ
)]x1
x2
.
HereBX (a, b) is the incomplete β-function, nth is the number den-
sity of the protons, αp and αγ are the spectral index for the protons
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and the γ-rays, δγ = 0.14α−1.6γ + 0.44 is the shape parameter,
Emin is the proton energy threshold, Kp is the normalization, c is
the speed of light,mpi andmpi0 are the pion-mass. For the effective
cross-section σpp we used Eq. (79) given in Kelner et al. (2006)
σpp(E) =
(
34.3 + 1.88L+ 0.25L2
) [
1−
(
Eth
E
)2]4
mb
with L = ln
(
E
1 TeV
)
(C3)
and Eth = mp + 2mpi +
m2pi
2mp
∼ 1.22 GeV.
In the cross-section Eth is the threshold energy of the production
of a pi0-meson. mp and mpi are the proton and pion masses.
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